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Abstract
The theory of the elastic scattering of a nucleon from a nucleus is presented
in the form of a Spectator Expansion of the optical potential. Particular
attention is paid to the treatment of the free projectile− nucleus propagator
when the coupling of the struck target nucleon to the residual target must be
taken into consideration. First order calculations within this framework are
shown for neutron total cross-sections and for proton scattering for a number
of target nuclides at a variety of energies. The calculated values of these
observables are in very good agreement with measurement.
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I. INTRODUCTION
The theoretical approach to the elastic scattering of a nucleon from a nucleus,
pioneered by Watson [1], made familiar by Kerman, McManus, and Thaler (KMT) [2] and
further developed as the Spectator Expansion [3–5] is now being applied with striking suc-
cess. In a similar vain, a slightly different approach to the multiple scattering expansion
within the KMT framework is being pursued by the Surrey group [6].
The theoretical motivation for the Spectator Expansion derives from our present
inability to calculate the full many-body problem. In this case an expansion is constructed
within a consistent multiple scattering theory predicated upon the idea that two-body inter-
actions between the projectile and the target nucleons inside the nucleus play the dominant
role. In the Spectator Expansion the first order term involves two-body interactions between
the projectile and one of the target nucleons, the second order term involves the projectile
interacting with two target nucleons and so forth. Hence the expansion derives the ordering
from the number of target nucleons interacting directly with the projectile, while the resid-
ual target nucleus remains ‘passive’. Due to the many-body nature of the free propagator
for the the projectile+ target system it is necessary to detail certain choices made with re-
spect to the ordering in the Spectator series. Presented in this paper are the details of the
Spectator Expansion and the present manner in which the first order theory is calculated,
including a theoretical treatment of the many-body propagator as affected by the residual
target nucleus. Predictions are shown for rigorous calculations of the elastic scattering of
protons and neutrons from a variety of target nuclei in the energy regime between 65 and
400 MeV. The calculated observables are in very good agreement with the experimental
information within this energy regime, indicating the success that this theory enjoys. It is
very satisfying to observe in this completely consistent theoretical framework, that as the
sophistication of the calculation is increased, the resulting predictions invariably improve.
The calculation of the multiple scattering theory as presented in this paper relies on
two basic inputs. One is the fully off-shell nucleon-nucleon (NN) t-matrix, which represents
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the best current understanding of the nuclear force, and the other is the nuclear wave
function of the target, representing the best present understanding of the ground state
of the target nucleus. These quantities comprise the required physical ingredients for a
microscopic construction of an optical potential for elastic scattering. To account for the
modifications of the free propagator inside the nucleus, mean field potentials taken from
microscopic nuclear structure calculations are used. It must be emphasized that there are
no adjustable parameters present in these calculations.
The motivation for ongoing work on this topic is twofold. First, elastic and in-
elastic nucleon-nucleus scattering provide an important and sensitive test for theoretical
corrections at the first-order level of the optical potential (e.g. as given by possibly genuine
modifications of the NN interaction in the nuclear environment and off-shell effects). Rigor-
ous microscopic calculations are required for discerning these effects. A clear understanding
of this theory is also necessary before steps can be taken to address the next level of sophisti-
cation. Second, a better understanding of the theoretical details of the optical potential are
needed to construct realistic and physically sound wave functions representing continuum
nucleons in the interior of the nucleus. These wave functions will become vital for future
theoretical needs in high-energy coincidence experiments at CEBAF, inelastic scattering
studies, and for understanding the reactions in heavy ion experiments involving the new
generation of radioactive beam facilities. (In one sense to be able to develop a microscopic
scattering theory for heavy ions it is necessary to first clarify the multiple scattering theory
of hadronic probes.)
The theoretical framework is presented in Section II, namely the Spectator Expan-
sion, the first order term, the modification of the propagator due to the residual spectator
nucleons and the second order term. Section III provides the details of the calculations and
the results for neutron-nucleus and proton-nucleus elastic scattering. A conclusion follows
in Section IV.
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II. THEORETICAL FRAMEWORK
A. The Spectator Expansion
The basic motivation behind the Spectator Expansion is that the solution of the full
many-body problem is beyond present capabilities, hence an expansion series is constructed
for multiple scattering theory predicated upon the number of target nucleons interacting
directly with the projectile. Hence the expansion involves terms where the projectile inter-
acts directly with one target nucleon plus a second order term where the projectile interacts
directly with two target nucleons, and so on to third and subsequent orders. The separation
of these terms with respect to these categories of interactions is not completely fixed due to
the nature of the complicated A+ 1 body propagator, hence some possible choices detailed
in this paper must be differentiated.
At the heart of the standard approach to the elastic scattering of a single projectile
from a target of A particles is the separation into two parts of the Lippmann-Schwinger
equation for the the transition operator T , as given by
T = V + V G0(E)T. (2.1)
These two parts are an integral equation for T ,
T = U + UG0(E)PT, (2.2)
where here U is the optical potential operator, and an integral equation for U
U = V + V G0(E)QU. (2.3)
In the above equations the operator V represents the external interaction, such that the
Hamiltonian for the entire A+ 1 particle system is given by
H = H0 + V. (2.4)
Asymptotically the system is in an eigenstate of H0, and the free propagator G0(E) for the
projectile+ target nucleus system is
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G0(E) = (E −H0 + iε)
−1. (2.5)
The operators P and Q are projection operators, P + Q = 1 and P is defined such that
Eq. (2.2) is solvable. In this case P is conveniently taken to project onto the elastic channel,
such that, among other properties we have
[G0, P ] = 0. (2.6)
For the scattering of a single particle projectile from an A-particle target the free Hamil-
tonian is given by
H0 = h0 +HA, (2.7)
where h0 is the kinetic energy operator for the projectile and HA stands for the target
Hamiltonian. Thus the projector P can be defined as
P =
|ΦA〉〈ΦA|
〈ΦA|ΦA〉
, (2.8)
where |ΦA〉 corresponds to the ground state of the target, satisfying the condition given in
Eq. (2.6), and fulfilling
HA|ΦA〉 = EA|ΦA〉. (2.9)
With these definitions the transition operator for elastic scattering may be defined as
Tel = PTP , in which case Eq. (2.2) can be written as
Tel = PUP + PUPG0(E)Tel. (2.10)
Thus, the transition operator for elastic scattering is given by a straightforward one-body
integral equation, which requires, of course, the knowledge of the operator PUP . The
theoretical treatment which follows consists of a formulation of the many-body equation,
Eq. (2.3), where expressions for U are derived such that PUP can be calculated accurately
without having to solve the complete many-body problem.
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For the present discussion, the presence of two-body forces only is assumed. The
extension to A-body forces is straightforward. With this assumption the operator U for the
optical potential can be expressed as
U =
A∑
i=1
Ui (2.11)
where Ui is given by
Ui = v0i + v0iG0(E)Q
A∑
j=1
Uj , (2.12)
provided that
V =
A∑
i=1
v0i. (2.13)
The two-body potential, v0i, acts between the projectile and the ith target nucleon. Through
the introduction of an operator τi which satisfies
τi = v0i + v0iG0(E)Qτi, (2.14)
Eq. (2.12) can be rearranged as
Ui = τi + τiG0(E)Q
∑
j 6=i
Uj . (2.15)
This rearrangement process can be continued for all A target particles, so that the operator
for the optical potential can be expanded in a series of A terms of the form
U =
A∑
i=1
τi +
A∑
i,j 6=i
τij +
A∑
i,j 6=i,k 6=i,j
τijk + · · · . (2.16)
This is the Spectator Expansion, where each term is treated in turn. The separation of the
interactions according to the number of interacting nucleons has a certain latitude, due to
the many-body nature of G0(E).
We now concentrate on τij , which appears in the second term of Eq. (2.16). Its ingredients
are readily obtained from Eq. (2.12) by means of the definition
(Ui − τi) ≡
∑
j 6=i
ξij. (2.17)
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The operator ξij , so defined, satisfies the following many-body integral equation
ξij = τiG0(E)Qτj +
∑
k 6=j
τiG0(E)Qξjk
= τiG0(E)Qτj + τiG0(E)Qξji + τiG0(E)Q
∑
k 6=i,j
ξjk
= τiG0(E)Qτj + τiG0(E)Qξji +O(i, j, k). (2.18)
Omitting all (i,j,k) terms on the right hand side of Eq. (2.18) leads to the second term in
Eq. (2.16) via the identification of τij as
τij = τiG0(E)Qτj + τiG0(E)Qτji. (2.19)
The physical interpretation of Eq. (2.19) can be most easily recognized through
an operator χij , defined as
χij = τi + τij, (2.20)
from which the following relation is obtained:
χij = τi + τiG0(E)Qχji. (2.21)
From the symmetric combination, U˜ij ≡ χij+χji, a standard three-body equation is derived:
U˜ij = (v0i + v0j) + (v0i + v0j)G0(E)QU˜ij . (2.22)
The finite series given in Eq (2.16) together with the definitions of τi, τij , · · · given
above constitute one form of the Spectator Expansion in multiple scattering theory. Various
other forms could also be found [4]. Differences between one form or another reside primarily
in the treatment of the many-body propagator G0(E). The Spectator Expansion derives its
name from the underlying idea that in lowest order all target constituents but the initially
struck one (particle i) are ‘passive’. In the next order all target constituents but the ith and
jth particle are passive, and so on. In that sense, the Spectator Expansion resembles the
linked-cluster decomposition of nuclear structure [7].
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B. The First Order Term
The first order term in the Spectator Expansion, τi as given by Eq. (2.14), is
now examined. Since for elastic scattering only PτiP , or equivalently 〈ΦA|τi|ΦA〉 need be
considered, Eq. (2.14) can be reexpressed with this in mind as
τi = v0i + v0iG0(E)τi − v0iG0(E)Pτi
= τˆi − τˆiG0(E)Pτi, (2.23)
or
〈ΦA|τi|ΦA〉 = 〈ΦA|τˆi|ΦA〉 − 〈ΦA|τˆi|ΦA〉
1
(E − EA)− h0 + iε
〈ΦA|τi|ΦA〉, (2.24)
where τˆi is defined as the solution of
τˆi = v0i + v0iG0(E)τˆi. (2.25)
The combination of Eqs. (2.23) and (2.2) corresponds to the first order Watson scattering
expansion [1]. If the projectile− target nucleon interaction is assumed to be the same for
all target nucleons and if isospin effects are neglected then the KMT scattering integral
equation [2] can be derived from the first order Watson scattering expansion.
Since Eq. (2.24) is a simple one-body integral equation, the principal problem
is to find a solution of Eq. (2.25). Of course, due to the many-body character of G0(E),
Eq. (2.25) is a many-body integral equation, and in fact no more easily solved than the
original equation Eq. (2.1). However, G0(E) may be written as
G0(E) = (E − h0 −HA + iε)
−1
= (E − h0 − hi −Wi −H
i + iε)−1 (2.26)
with
Wi =
∑
j 6=i
Vij (2.27)
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and
H i = HA − hi −Wi. (2.28)
Since H i has no explicit dependence on the ith particle, then Eq. (2.25) may be simplified
by the replacement of H i by an average energy Ei. This is not necessarily an approximation
since G0(E) might be regarded to be
G0(E) = [(E − E
i)− h0 − hi −Wi − (H
i − Ei) + iε]−1 (2.29)
and (H i − Ei) could be set aside to be treated in the next order of the expansion of the
propagator G0(E). Thus, consider now G0(E) to be Gi(E), where
Gi(E) = [(E − E
i)− h0 − hi −Wi + iε]
−1, (2.30)
so that τˆi = τ˜i + (higher order corrections), and Eq. (2.25) reduces to
τ˜i = v0i + v0iGi(E)τ˜i. (2.31)
Eq. (2.31) can also be reexpressed as
τ˜i = t0i + t0igiWiGi(E)τ˜i, (2.32)
where the operators t0i and gi are defined to be
t0i = v0i + v0igit0i (2.33)
and
gi = [(E − E
i)− h0 − hi + iε]
−1. (2.34)
The quantityWi represents the coupling of the struck target nucleon to the residual
nucleus. At this point, one could take the attitude that a proper consideration of this
quantity is not of first order, and it should be put together with the next higher order in
the Spectator Expansion. In that case one would obtain the so-called ‘tfree’ or impulse
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approximation to the optical potential, which can be viewed as τˆi ≈ τ˜i ≈ t0i. In the case of
the impulse approximation, one never needs to solve any integral equation for more than two
particles. This has made the impulse approximation very practical in intermediate energy
nuclear physics and has over many years led to a large body of work being based upon this
approximation [8].
C. Coupling of the Struck Target Nucleon to the Nucleus
In the explicit treatment of the propagator Gi(E) it is necessary to consider specific
forms of the potentialWi, which represents the coupling of the struck nucleon to the residual
nucleus. In this paperWi is treated as one-body operator, such as a shell-model or mean field
potential. The attitude is taken here that this potential is already known and is extracted
from single particle mean field potentials as calculated in various studies of nuclear structure.
In this specific case, Eq. (2.32) can be written as
τ˜i = t0i + t0igiTigiτ˜i, (2.35)
with Ti being given as the solution of a Lippmann-Schwinger type equation with the potential
Wi as the driving term
Ti =Wi +WigiTi. (2.36)
This is the approach taken in the calculations presented in this paper as well as in earlier
work [9–11]. While Eqs. (2.35, 2.36) are completely equivalent to Eq. (2.32), a justification
for the substitution of a Hartree-Fock or any other single particle mean field potential taken
from a nuclear structure calculation is not strictly within the theoretical prerequisites of the
Spectator Expansion, which demands that all of the two-body interactions be consistently
represented by v0i. Standard mean field or shell model calculations use an effective NN
interaction for the reason that present microscopic nuclear structure calculations are unable
simultaneously to use realistic free NN potentials and predict the experimental results. Hence
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it is not physically unreasonable to substitute a mean field potential for Wi, but this choice
is defacto outside the strict demands of the Spectator Expansion.
Using the expression given in Eq. (2.27), for Wi, Eq. (2.32) can be reformulated as
τ˜i = t0i + t0igi
∑
j 6=i
vij
[
1
g−1i −
∑
k 6=i vik + iε
]
τ˜i
= t0i + t0igi
∑
j 6=i
vij
[
1
g−1i − vij + iε
+
∑
j 6=i
vij
1
g−1i − vij + iε
∑
k 6=i,j
vik
1
g−1i −
∑
l 6=i vil + iε

 τ˜i
= τ¯i + τ¯igi
∑
j 6=i
vij
1
g−1i − vij + iε
∑
k 6=i,j
vik
1
g−1i −
∑
l 6=i vil + iε
τ˜i, (2.37)
where
τ¯i = t0i + t0igi
∑
j 6=i
tijgiτ¯i, (2.38)
and
tij = vij + vijgitij . (2.39)
Since the last term in Eq. (2.37) always involves at least three different target
particles (i, j, k), this term is of higher order and is safely neglected at present. Thus the
operator τ˜i can be written as
τ˜i = τ¯i + · · ·
= t0i +
∑
j 6=i
ηij + · · · (2.40)
where
∑
j 6=i
ηij ≡ τ¯i − t0i
ηij = t0igitijgit0i + t0igitijgiηij , (2.41)
where ηij neglects the terms involving three target nucleons that arise from Eq. (2.37). This
treatment of the interaction of the struck target nucleon with the residual nucleus, though
more complicated, is completely consistent with the spirit of the Spectator Expansion.
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The term
∑
j 6=i ηij involves two active target particles and thus represents a second
order Spectator Expansion correction to the first order term considered in this paper. In
fact, it could equally well be considered together with the second order term τij shown in
Eq. (2.16). We have found it expedient, however, to define the Spectator Expansion as given
in Eq. (2.16). Since this expansion is performed in terms of quantities which in themselves
contain many-body propagators, each of the ingredients, τ˜i, τ˜ij , etc. may themselves be
expanded in a spectator expansion. This amounts to expanding the many-body propagator
also according to the number of active participants. Another reason to distinguish the
corrections to the propagator and the explicit second order term is that the second order
terms in Eq. (2.16), correspond to contributions which arise from the Q space, whereas the
second term in Eq. (2.40) remains in the P elastic space at the first order level.
D. The Second Order Term
Since second order corrections in the propagator should at least in principle be considered
simultaneously with the second order corrections in the multiple scattering expansion, the
second term in Eq. (2.16) is examined in detail. This term may be written as
∑
i,j 6=i
τij =
∑
i>j
(U˜ij − τi − τj). (2.42)
The subtraction of the two-body contribution in Eq. (2.42) plays an important role in that
any double counting of the two-body term is removed. This also enables us to see explicitly
the three-body nature of the second order term. We start from Eq.(2.22), which can be
expressed as
U˜ij = (v0i + v0j) + (v0i + v0j)G0(E)U˜ij − (v0i + v0j)G0(E)PU˜ij
= tˆ0ij − tˆ0ijG0(E)PU˜ij, (2.43)
where tˆ0ij is defined as
tˆ0ij = (v0i + v0j) + (v0i + v0j)G0(E)tˆ0ij . (2.44)
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Thus 〈ΦA|U˜ij|ΦA〉 is obtained from 〈ΦA|tˆ0ij|ΦA〉 through the solution of a straightforward
one-body integral equation in a way similar to the manner 〈ΦA|τi|ΦA〉 is obtained from
〈ΦA|τˆi|ΦA〉. In this case Eq. (2.44) is a full three-body equation.
Once again notice that the propagator G0(E) in Eq. (2.44) is a complicated many-
body operator. Consistent with the spirit of the Spectator Expansion the propagator can
be written as
G0(E) =

(E − h0 −H ij + iε)− hi − hj − vij − ∑
k 6=i,j
(vik + vjk)


−1
(2.45)
and a three particle Greens function is defined to be
Gij(E) =
[
(E − Eij − h0 + iε)− hi − hj − vij
]−1
. (2.46)
Using the same procedure used in the first order term, Gij(E) is substituted for G0(E) in
Eq. (2.44) to obtain
t˜0ij = (v0i + v0j) + (v0i + v0j)Gij t˜0ij , (2.47)
where the effective 3-body t-matrix becomes
tˆ0ij = t˜0ij + · · · . (2.48)
The truncation of the propagator G0(E) from Eq. (2.45) to the form given in Eq. (2.46) is
once again tantamount to relegating the coupling of the active target nucleons to the next
higher order term in the expansion of the propagator.
Actual calculations of the three-body corrections to the first order optical potential
as given in Eq. (2.41) and Eq. (2.47) are extraordinarily difficult without further approxi-
mations. In this paper we do not attempt to calculate these higher order contributions to
the Spectator Expansion. But for the sake of conceptual clarity the propagator corrections
in first order, as presented in this work, should be seen in the context of the next higher
order of the Spectator Expansion, since both are given through three-body type equations.
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III. RESULTS AND DISCUSSION
A. Details of the Calculation
In this paper the study of the elastic scattering of neutrons and protons from spin
zero target nuclei at energies that range from 65 and 400 MeV (incident projectile energy) is
strictly first order in the Spectator Expansion. Here the correction to the propagator G0(E)
due to the coupling of the initially struck target nucleon to the residual target is considered
to be first order. As outlined in subsection C of the previous section this calculation includes
the modification of the free propagator due to the ‘nuclear medium’. The operator Ti, repre-
senting the scattering of the struck target particle i from the residual nucleus, is calculated
through the use of a one-body potential Wi. Nonlocal, spin-dependent potentials derived
from realistic nuclear mean field models are used to represent the potential Wi given in
Eq. (2.36). Two different mean field potentials are used in these calculations in order to iso-
late any model dependence which may exist. One is the nonrelativistic, non-local mean field
potential taken from a Hartree-Fock-Bogolyubov microscopic nuclear structure calculation,
which utilizes the density-dependent finite-ranged Gogny D1S nucleon-nucleon interaction
[12,13]. This model has been shown to provide accurate descriptions of a variety of nuclear
structure effects. Calculations using this potential as Wi will be referred to as HFB. The
second choice involves a nonrelativistic, local reduction of the mean field potential resulting
from a Dirac-Hartree calculation based upon the σ − ω model [14]. The calculations with
this potential will be referred to as DH. Comparisons of calculations with these two models
may serve to indicate the sensitivity of the elastic scattering predictions to the model of
the nuclear mean field potential. The results suggest that there is a slight sensitivity to the
choice of the mean field potential, however this ‘uncertainty’ is smaller than the overall size
of the medium correction. One might therefore expect that any reasonable model of this
kind, which describes nuclear structure could give qualitatively similar results. A step by
step description of the implementation of the nuclear mean field potential, consistent with
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the framework of the Spectator Expansion is given in Ref. [9].
The treatment of the propagator modification through a nuclear mean field po-
tential taken from structure calculations, although a valid approach, may not be completely
satisfactory. In keeping full consistency with the theory of multiple scattering, it may be
better to treat the operator Ti as
Ti =
∑
j 6=i
tij + · · · (3.1)
as outlined in subsection C of the previous section of Eqs. (2.40) and (2.41), where tij is
defined in Eq. (2.38)]. Calculations based on this approach are much more difficult than
any performed so far, and though not intrinsically intractable, have been postponed. The
structure of Eqs. (2.40) and (2.41) is very similar to the calculation of the second order in the
Spectator Expansion as outlined in subsection D of the previous section, and both should
be treated in the same order and in a similar manner. Further, note that an approximate
treatment of the three-body kinematics involving the scattering of the struck target nucleon
from the residual nucleus is used and is discussed in length in Ref. [9].
The nucleon-nucleon (NN) t-matrix is another crucial ingredient in these calcu-
lations. The quality and extensiveness of the nucleon-nucleus observables we attempt to
predict require trustworthy representations of the NN interaction. For convenience the cal-
culations presented here use the free NN interaction based upon the full Bonn potential [15],
giving toi = t
free
oi . This interaction includes the effects of relativistic kinematics, retarded
meson propagators as given by time-ordered perturbation theory, and crossed and iterative
meson exchanges with NN, N∆, and ∆∆ intermediate states. A comparison of nucleon-
nucleus observables based on different models for the NN interaction is deferred to a later
time. It should be clearly stated that even if the underlying models for the NN interaction
accurately describe the ‘on-shell’ NN data, there may still exist ‘off-shell’ differences be-
tween the various models, which could affect the predictions of the elastic nucleon-nucleus
observables.
The first order folded effective NN t-matrix is then constructed with the operator,
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τ˜i, from Eq. (2.35):
〈τ˜eff 〉 = 〈~k
′
0ΨA|
∑
i
τ˜i|~k0ΨA〉 . (3.2)
These calculations are performed in momentum space and include spin degrees of freedom.
The first order optical potential is then evaluated by solving Eq. (2.23) in the folded form.
In the present calculations, which are performed in momentum space, 〈τ˜eff〉 enters in the
‘optimum factorized’ or ‘off-shell τρ’ form [16,17] as
〈τ˜eff 〉 ≈ τ˜ (q,K;E)ρ(q) , (3.3)
where ~q = ~k′0 −
~k0 and ~K =
1
2
(
~k′0 +
~k0
)
; ~k′0 and
~k0 are the final and initial momenta
of the projectile. This corresponds to a steepest descent evaluation of the ‘full-folding’
integral, in which the non-local operator τ˜ is convoluted with the density ρ(q) as indicated
schematically in Eq. (3.2). For harmonic oscillator model densities it has been shown that
the optimum factorized form represents the nonlocal character of Uopt qualitatively in the
intermediate energy regime [18,19]. Complete ‘full-folding’ calculations with more realistic
nuclear densities are in progress. It is to be understood that we perform all spin summations
in obtaining Uopt. This reduces the required NN t-matrix elements to a spin-independent
component (corresponding to the Wolfenstein amplitude A) and a spin-orbit component
(corresponding to the Wolfenstein amplitude C). All scattering calculations presented here
contain an additional factor in the optical potential to account for the transformation of the
NN t-matrix from the two-nucleon c.m. frame to the nucleon-nucleus c.m. frame [17].
Another uncertainty in the present calculations lies in the lack of completely reli-
able target wave functions of the accuracy required. The best guide for the distribution of
matter in nuclei is the information extracted from electron scattering [20]. This information
gives a reasonably good picture of the average single particle proton density especially about
the surface, and it is used in the calculations presented in this paper to represent the proton
densities. The neutron densities used are those taken from the Hartree-Fock-Bogolyubov
calculation described above [12]. In principle, it would appear more consistent to employ the
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proton densities obtained from the same calculation. However, there are small differences
between the calculated proton densities and the measured ones. These small differences are,
however, large enough to influence slightly the predictions of the nucleon-nucleus observ-
ables. Therefore, the measured proton distributions were thought to be more reliable and
are used throughout the present calculations. This does leave a question about the reliabil-
ity of the calculated neutron distributions which were used in the present calculations. A
study on the sensitivity of the proton-nucleus observables to slight variations in the neutron
distributions was presented in Ref. [21].
For the proton-nucleus scattering calculations the Coulomb interaction between
the projectile and the target is included using the exact formalism described in Ref. [22].
Although the multiple scattering calculations are performed fully in momentum space, so as
to be able to include easily nonlocal and off-shell effects, the point Coulomb contributions
are described by using Coulomb scattering wave functions in coordinate space. There are
no cut-off parameters necessary in this technique.
B. Total Cross Section for Neutron Scattering
In nuclear structure calculations the binding energy of the system in its ground
state together with energies of certain low lying excited states are the experimental in-
formation which must be closely reproduced to establish the reliability of the model wave
functions and the various physical matrix elements implied thereby. In the present calcula-
tions of elastic nucleon-nucleus scattering the neutron total cross section, as a function of
scattering energy, should serve as a similar figure of merit. In the early 1990’s extensive
high precision measurements of neutron total cross sections became available for a variety
of target nuclei [23,24] and can now be used to discriminate between scattering calculations
in the above indicated fashion.
In Fig. 1 total neutron cross section data for 12C, 16O, 28Si, 40Ca, 90Zr and 208Pb
are shown along with various calculations of σtot(E) at a number of energies. Because the
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data are so extensive, the ‘usual’ procedure has been reversed and the data are represented
by dotted curves. The ‘jitter’ in these curves may be taken as indicative of the experimental
uncertainty. The statistical error bars themselves are of the order of 1% and could not be
distinguished in the figures. The discrete points correspond to the calculated results. The
solid diamonds represent the calculations as described in Section A and include the modifi-
cation of the free propagator through the Hartree-Fock-Bogolyubov mean field [12], except
for 208Pb where Wi is taken from the DH case. In each case the predictions are in accord
with the data from ∼> 65 MeV for the light nuclei and ∼> 100 MeV for the heavier nuclei.
That is, the theoretical predictions do extremely well in predicting the energy dependence
of the total neutron cross section beyond the point where the data exhibit a pronounced
structure.
Since a detailed discussion on the description of neutron total cross sections for
16O and 40Ca was recently published [10] comments on this subject will be somewhat re-
stricted. As an indication as to how much has been gained by eliminating necessary earlier
approximations to the full first order theory, points, represented as crosses, are shown at 100
and 200 MeV for 16O, 40Ca, 90Zr and 208Pb which were calculated using the so-called ‘local
free τρ’ approximation. This consists of multiplying the on-shell NN scattering amplitude
t(q) with the one nucleon density ρ(q) for the target nucleus. For many years this simple
approximation was taken to represent the first order theory (of course, it was not possible
to perform more difficult calculations at that time). The total cross sections calculated this
way are invariably above the full calculation represented by the solid diamonds. These ‘lo-
cal free τρ’ results are also significantly larger then the experimental values, in some cases,
especially for the heavier elements, this discrepancy can be as large as 25− 30%. This gross
failure of the local approximation casts serious doubt upon some of its early successes, and
certainly creates serious reservations about the many attempts to account for the failures of
the local approximation by the introduction of new effects, which are not cleanly consistent
with a many-body scattering theory.
Of greater current interest is the difference between the points represented as stars
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and the solid diamonds. The stars are calculations performed with the free propagatorG0(E)
of Eq. (2.26), where the target Hamiltonian HA is approximated by a c-number. Therefore
these points contain the complete off-shell structure of the NN t-matrix, but neglect the
coupling of the struck target nucleon to the residual nucleus. The difference between the
stars and the solid diamonds represent the size of this effect, i.e. the coupling of the struck
target nucleon to the residual nucleus. As Fig. 1 shows, and as expected, the absolute size
of the effect grows as the nuclei become heavier. In addition it is most prevalent in the
regime between 100 and 200 MeV projectile energy and becomes almost negligible at higher
energies. For all nuclei under consideration at 300 and 400 MeV the propagator modification
has no discernible effect. It is most satisfying to observe that whenever this correction is
significant, it moves the calculated results closer to the measurements.
C. Proton Elastic Scattering Observables
Obviously there are no comparable total cross section data for proton scattering.
On the other hand, there is relatively little experimental information on elastic angular
distributions and no spin-observables for neutron scattering from nuclei. Thus for a more
detailed look at nucleon-nucleus elastic scattering, the scattering of protons from nuclei is
examined. For the proton case the Coulomb interaction between the projectile and the target
is included using the exact method developed in Refs. [22]. In a recent paper [11] elastic
proton and neutron scattering observables at 65 MeV projectile energy for 12C, 16O, 28Si,
40Ca, 90Zr and 208Pb were shown. These calculations were performed at an energy which
was considered by many to be below the regime of applicability of the first order Spectator
Expansion. However there is a wealth of experimental data at this energy for the above
mentioned nuclei. This data includes the differential cross section dσ
dΩ
, the analyzing power
Ay and the spin rotation function Q (with the exception that for
28Si and 56Fe there are
no measurements of Q). At this low energy fairly good agreement between the predictions
and the measurements was observed. It was very clear that the inclusion of the coupling
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of the struck target nucleon to the residual nucleus considerably improved the description
of the data. This was especially true for the description of the spin rotation parameter Q,
in which case the improvement was dramatic. In this paper further calculations at other
energies in the regime between 80 and 300 MeV are presented. Elastic proton scattering
observables are calculated for a variety of light as well as heavy spin-zero targets at a variety
of energies. Here predictions are presented only for those targets and energies where spin
observable data exist. Unfortunately in the regime below 200 MeV, there is no other energy
like 65 MeV where the proton spin observables have been measured for many nuclei in a
similarly systematic manner.
The calculations chosen here are limited to energies below pion-production thresh-
old. The reason is twofold. First, the NN t-matrix, which represents one of the critical inputs
to the calculations is not as well established at higher energies. Second, the correction to
the free propagator due to the presence of the nuclear medium, which is the new ingredient
in these calculations decreases in importance as the energy increases. This is shown for the
total cross section in Fig. 1. In Figs. 2-14 the angular distribution, the analyzing power and
the spin rotation function for elastic proton scattering are shown for 12C at 200 MeV; 16O
at 100, 200, and 318 MeV, 28Si at 80, 135 and 200 MeV, 40Ca at 80 MeV, 90Zr at 65, 80 and
160 MeV, and 208Pb at 80 and 200 MeV, respectively.
To show the dependence on the choice of the mean field potential Wi (Eqs. (2.30)
and (2.32)) calculations with two different mean field potentials representing the operator
Wi are displayed. The solid line corresponds to the results based upon the HFB potential
[12], whereas the dashed curve is based upon the DH potential [14]. For the calculations of
proton scattering from 208Pb the DH mean field potential only is used (solid line), since the
choice and size of the basis function representing Wi was not adequate for the HFB mean
field potential in this case. Calculations, where no medium contributions are included,
correspond to the free ‘off-shell tρ’ approximation and are given by the dash-dotted line.
The figures show that both calculations which incorporate the coupling of the
struck nucleon to the residual nucleus provide a good representation of the data except at
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very large scattering angles. That this description, while very good, is not perfect is easily
understandable since various corrections to the many body theory still remain unexplored.
The calculations are limited to lowest order in the spectator expansion, and are carried out
in the optimum factorized form, which takes only the non-local structure of the NN t-matrix
into account. Finally, the full three-body structure involved in the coupling of the struck
nucleon to the residual nucleus has not yet been considered. In addition, for large angles
the Pauli exchange of the Coulomb term could play a role. Those effects are not included
in the present calculations.
For the lighter target nuclei in Figs. 2-8 the correction to the propagator causes
the diffraction minima in the predictions to move slightly to higher angles and be closer
to the data. The improvement of the theoretical predictions is more apparent in the spin
observables, especially in Fig. 6. At lower energies (Figs. 3, 6, and 9) the propagator mod-
ifications causes a characteristic shift of the spin rotation function Q. Unfortunately there
are no measurements of Q at the energies presented here. In an earlier work [11], present-
ing only calculations at 65 MeV projectile energy, the propagator modification brought the
the calculations in excellent agreement with the measured values for Q. So we expect that
measurements of Q around 100 MeV would also be close to our calculations. At projectile
kinetic energies of 200 MeV or above the full calculations provide very good results with
respect to the data. The modification of the propagator effect only Ay in a very moderate
fashion.
For the heavier nuclei in Figs. 10-14 one would expect the effects of the medium
modifying the propagator to be more pronounced, which is indeed the case. The shift of
the diffraction minima to larger angles is clearly visible for the heavy nuclei 90Zr and 208Pb,
especially at lower energies (Fig. 10, 11, and 12). For 90Zr at 65 MeV (Fig. 10) the propagator
modification has a significant effect on the observables. The minima in the diffraction
pattern of the differential cross section coincide with the measured ones, indicating a correct
prediction of the size of the nucleus. Furthermore, the overall size of dσ/dΩ is predicted
correctly over about five orders of magnitude. The effect on the spin observables is equally
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dramatic and causes the predictions of Ay and Q to agree remarkably well with the data.
We included Fig. 10, though already being published in Ref. [11], since at lower energies the
only measurements of Q exist at 65 MeV. Again, for 90Zr at 80 MeV (Fig. 11) the propagator
modification has a significant effect on the differential cross section and the spin observables
and causes the predictions of Ay to agree very well with the data. A similar tendency can
be seen for 208Pb at the same energy (Fig. 13). At 160 MeV the medium effects are not
as pronounced for 90Zr except at larger angles where the full calculation provides better
agreement with the data (Fig. 12). For 208Pb at 200 MeV in Fig. 14 in the spin rotation
there are differences caused by the modification of the propagator, but the effects on the
predictions of the data are unclear.
In order to indicate the progress which has been made in the calculation of proton-
nucleus elastic scattering, results for selected cases obtained with the local, ‘on-shell tρ’
approximation are shown, where the off-shell contributions of both, the NN t-matrix as
well as the density matrix are neglected. Those ‘local’ calculations are represented by the
dotted lines in Figs. 3, 4, and 14 for 16O at 100 and 200 MeV and for 208Pb at 200 MeV,
respectively. As was already the case for the description of neutron total cross sections,
the local calculations show moderate deficiencies for a light nucleus like 16O, manifested in
an overprediction of the differential cross section, a lack of structure in the spin observable
Ay, and differences in the spin rotation function Q. For a heavy nucleus like
208Pb the
local calculation looks disastrous, leading already to a severe overprediction of the size of
the nucleus as seen in the diffraction pattern of the differential cross section. This lack of
agreement led in the past to the study of corrections to the local approximation specifically in
heavy nuclei [8]. It is a very satisfactory result for us to find that the first order calculation in
the Spectator Expansion together with a consistent treatment of the propagator modification
leads to a good description of the elastic proton-nucleus observables for light as well as heavy
nuclei in the energy regime especially between ∼65 and 400 MeV projectile energy.
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IV. CONCLUSION
The Spectator Expansion of Multiple Scattering Theory is described in detail.
The optical potential is expanded into a series predicated upon the idea that the dominant
effect is the two-body interaction between the projectile and one of the nucleons in the tar-
get. The number of target nucleons interacting directly with the projectile determines the
ordering of the scattering series. Complexities due to the free many-body propagator for
the projectile− target system also play a significant role and are treated within a consistent
theoretical framework within the Spectator Expansion. The first order theory and the treat-
ment of the many-body propagator due to effects from the residual nucleus are presented,
along with a formal description of the second-order contribution.
Predictions from rigorous calculations of elastic nucleon-nucleus scattering at pro-
jectile kinetic energies in the range ∼65 to 400 MeV provide excellent agreement with the
experimental data. In this case the basic inputs to the calculation are the free fully off-shell
NN interactions and realistic nuclear densities. Modifications to the propagator were cal-
culated using static potentials taken from microscopic mean field structure calculations. It
is found that as the calculations include more complex degrees of freedom within a well-
defined theoretical framework, the predictions invariably provide an improved description
of the data. The first order Spectator Expansion provides an excellent a priori description
of the extensive data for nucleon-nucleus scattering data from ∼65 to 400 MeV for mod-
est momentum transfers. These results are in fact good enough to encourage speculation
that further work may soon yield new information about neutron distributions and nuclear
correlations in nuclei.
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FIGURES
FIG. 1. The neutron-nucleus total cross-sections for scattering from 12C, 16O, 28Si, 40Ca, 90Zr,
and 208Pb are shown as a function of the incident neutron kinetic energy. The dotted line represents
the data taken from Ref. [23,24]. The solid diamonds correspond to the calculations including the
propagator modification due to the HFB mean field [12] (in case of 208Pb of the DH mean field
[14]). The star symbols indicate the ‘free’ calculations using the full Bonn free NN t-matrix [15]
only. The cross symbols represent a local ‘on-shell tρ’ calculation, which uses only the on-shell
values of the same t-matrix.
FIG. 2. The angular distribution of the differential cross-section ( dσ
dΩ), analyzing power (Ay)
and spin rotation function (Q) are shown for elastic proton scattering from 12C at 200 MeV
laboratory energy. All calculations are performed with a first-order optical potential obtained
from the full Bonn interaction [15] in the optimum factorized form. The solid curve includes the
modification of the propagator due to the HFB mean field [12], the dashed curve the one due to
the DH mean field [14]. The free impulse approximation is given by the dash-dotted curve. The
data are taken from Ref. [25].
FIG. 3. Same as Fig. 2, except for 16O at 100 MeV proton kinetic energy. The dotted line
represents a local ‘on-shell tρ’ calculation which uses only the on-shell values of the same t-matrix.
The data are from Ref. [26].
FIG. 4. Same as Fig. 3, except the projectile kinetic energy is 200 MeV. The dotted line
represents a local ‘on-shell tρ’ calculation which uses only the on-shell values of the same t-matrix.
The data are from Ref. [27].
FIG. 5. Same as Fig. 3, except the projectile kinetic energy is 318 MeV, and the data are
from Ref. [28].
FIG. 6. Same as Fig. 2, except for 28Si at 80 MeV proton kinetic energy. The data are from
Ref. [29].
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FIG. 7. Same as Fig. 6, except the projectile kinetic energy is 135 MeV, and the data are
from Ref. [29,30].
FIG. 8. Same as Fig. 6, except the projectile kinetic energy is 200 MeV, and the data are
from Ref. [31].
FIG. 9. Same as Fig. 2, except for 40Ca at 80 MeV proton kinetic energy. The data are from
Ref. [33].
FIG. 10. Same as Fig. 2, except for 90Zr at 65 MeV proton kinetic energy. The data are from
Ref. [32].
FIG. 11. Same as Fig. 10, except for 90Zr at 80 MeV proton kinetic energy. The data are from
Ref. [30].
FIG. 12. Same as Fig. 10, except except the projectile kinetic energy is 160 MeV. The data
are from Ref. [30].
FIG. 13. Same as Fig. 2, except for 208Pb at 80 MeV proton kinetic energy. The data are
from Ref. [33].
FIG. 14. Same as Fig. 13, except except the projectile kinetic energy is 200 MeV. The dotted
line represents a local ‘on-shell tρ’ calculation which uses only the on-shell values of the same
t-matrix. The data are from Ref. [34].
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